INTRODUCTION
The general problem of automatically inspecting simple and complex curved parts using ultrasonic immersion and squirter methods is very challenging. The water path and angle of incidence must be held constant with a high degree of accuracy or the inspection is not valid. The problem is even more difficult when the scan speed must be as fast as possible. However, many critical parts that must be ultrasonically inspected are curved. Thus, the objective of the development effort described here was to implement a cost-effective solution for automatically scanning complex curved parts.
The process of inspecting a curved part can be broken down into four steps. First, the operator must input geometrical information by a "teaching" process whereby points on the surface of the part are defined. The second step is obtaining a mathematical description of the part from this geometrical information. The third step is computing a raster scan plan from the mathematical description. The final step is executing the scan plan to acquire and display the ultrasonic test results.
One approach to accomplishing these four steps is described in this paper. Limitations of the approach are explained and factors influencing the accuracy of the inspection are discussed. Geometrical descriptions and ultrasonic inspection results are shown from a part with complex curvature. All results shown in this paper were obtained with a six axis Panametrics Multiscan system utilizing 100 MHz digital flaw processing instrumentation.
TEACHING PROCEDURE
The goal of the teaching process is for the operator to interactively input geometry information about the part to be inspected. For the method described here, the operator uses the ultrasonic transducer to locate points on the part surface. The computer measures the time of flight to the surface and calculates the water path. The surface points are then calculated in three dimensions from the scanner coordinates, the scanner geometry and the measured water path. Figure 1 shows the teach screen with the surface echo and raw teach points displayed for a curved part that is a plate twisted about 60 degrees. The raw teach points displayed in the figure are actual surface points on the part projected in the YZ plane.
MATHEMATICAL DESCRIPTION
A mathematical description of the part to be inspected must be determined from the geometry information, which is an unordered set of teach points in three dimensions. The mathematical description used is a grid on the surface of the part called a "control grid". It is defined by a plane, a rectangular grid on that plane, and out-ofplane displacements at each control grid point.
The steps for determining this control grid are as follows:
The raw teach points are fit to a plane in three dimensions. A local XY coordinate system is defined in that plane.
2.
The teach points are projected onto this "fitting plane". The Z coordinate is the distance from the point to the plane.
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The projected points in the fitting plane are sorted to find the largest quadrilateral bounded by the teach points. This quadrilateral, which defines the region to be inspected, forms the boundary of a grid in the fitting plane. The operator specifies the grid spacing.
4.
At each grid point, the out-of-plane displacement (Z coordinate) is fit to a 2nd degree polynomial using teach points in the neighborhood of the grid point.
5.
The normal vector and displacement are calculated from the fitted polynomial.
The final result of this procedure is the control grid, which is a grid of points and normals in three dimensions. Figure 2 shows two views of the control grid calculated from the teach points of the part shown in Figure 1 . The twisted geometry of this part is readily apparent from these displays. The scanner coordinates are calculated at each point of the control grid by back projection along the surface normal using a water path specified by the operator. The operator can verify the control grid and scanner coordinates by selecting any point on the control grid and moving to it. If the surface description is accurate, then the ultrasonic beam will be normal to the surface at each control grid point, and the time of flight will be constant over the grid.
SCAN PLAN CALCULATION
The scan plan is calculated based upon scan and index increments specified by the operator. There is no limitation on the resolution of the scan; it can be either coarser or finer than the control grid resolution. The resolution of the control grid need be only as fine as necessary to adequately describe the part.
The coordinates for the scan are determined from the control grid by interpolation of the points and normal vectors. The operator specifies the desired speed and acceleration on the surface of the part, and the actual travel time along each scan line is calculated at all of the control grid intersection points. The resultant motion scan plan is a list of coordinates and times along the path for each scan line. A separate list of times along the path where the pulser fires is also part of the overall scan plan.
SCAN PLAN EXECUTION
The scan plan is executed on a line-by-line basis. At the beginning of each scan line, the computer loads the motion path for each axis to each respective motion controller and the pulser firing times to the sync generator. A path controller synchronizes all scanner axes by sending timing information to all of the motion controllers. Each controller monitors the actual time and position and controls the axis using a Proportional/Integral/Derivative (PID) control algorithm to maintain its position along the path. The sync generator independently fires the pulser at the proper times along the scan line. The data acquisition electronics acquire data at each sync pulse, and the computer displays and stores the data in real time.
INSPECTION RESULTS
The twisted part shown in Figures 1 and 2 was scanned using a 5 MHz, 2 inch focus transducer. The part was constructed of two pieces bonded together with two internal cavities. The goal of the inspection was to evaluate the bond line. The ultrasonic setup for the initial scan consisted of a single gate triggered on the front surface echo and extending past the back wall. The area surrounding this indication was re-scanned at a resolution of 0.02 inches with a slightly different ultrasonic setup. Two channels were used, one with the same gate as for the first scan and the other with two gates, one set between the front surface and the back surface and the other set at the back surface. Figure 4 shows amplitude and time of flight images from the first channel, and amplitude images from both gates of the second channel. The original indication is clearly visible as well as two other smaller indications that were not evident on the first scan.
The primary significance of these results is that they were obtained on a highly curved part; the ultrasonic inspection would have been very straightforward on a flat plate. In particular, note the uniformity of the data over both the internal cavities and the back wall in both Figures 3 and 4 . The alignment between scan lines is excellent, and the data presentation is relatively undistorted.
SUMMARY AND CONCLUSIONS
The contour scanning method and hardware implementation described here successfully demonstrates a complete and practical approach to inspecting curved parts. It enables a large class of parts to be inspected that cannot be handled with rectilinear scanning methods. A key feature is that the use of the ultrasonic signal enables the operator to teach the part without having to precisely peak the signal and set the water path. Also, the processing algorithm that defines the part from the teach points handles an unstructured set of points, which gives the operator even more flexibility while teaching the part. Thus, the teaching process is very quick and efficient, particularly for parts that are gently curved. The general approach has no inherent limitations in terms of number of axes and part geometry. The current software implementation does have several limitations: (I) the area to be scanned must project to a plane, (2) parts with sharp comers must be scanned in sections, (3) a uniform density of teach points is required for best results, and (4) the scan path accuracy depends upon the control grid increment. Even with these limitations, a large number of curved parts can be easily inspected.
The accuracy of the mathematical description can generally be improved as much as desired by adding teach points and using a finer control grid. The accuracy of the scan plan execution depends upon the control algorithm and parameters, and generally degrades as the speed increases. The best absolute accuracy is typically five to ten times the encoder resolution, which is 0.005 to 0.010 inches for the scanner used here. However, relative position differences between unidirectional scan lines are typically much less (two to three times the encoder resolution).
There are several extensions to the contour scanning methods that are planned as future enhancements. They include more general surface description and fitting methods, improved motion control algorithms, referencing methods for part re-scanning, extension to dual manipulator support for through transmission inspection, support for shear wave testing, and transfer of geometry information to and from CAD systems.
